Abstract The annual reproductive cycle of the commercial sea cucumber Holothuria spinifera was studied in Tuticorin, Tamil Nadu, India, from September 2000 to October 2001, by macroscopic and microscopic examination of gonad tubule, gonad index and histology of gametogenic stages, to determine the spawning pattern. The gonad consists of long tubules with uniform development. It does not confirm the progressive tubule recruitment model described for other holothurians. The maximum percentage of mature animals, gonad and fecundity indices, tubule length and diameter, with the observations on gonad histology, ascertained that H. spinifera had the peak gametogenic activity
Introduction
Sea cucumbers form an important part of multispecies fisheries, existing for over 1,000 years along the Indo-Pacific region, and the processed product, the 'beche-de-mer', is a valuable source of income for fishermen. Increasing demand and inadequate management of sea cucumber stocks in many countries have resulted in severe overexploitation of commercially important species (Conand 1997) . Sea-ranching, the release of hatcheryproduced juveniles into the natural habitat, is being carried out to restore and enhance the wild stocks for sustainable yield (Yanagisawa 1998) . The sea ranching programmes need information on the reproductive biology, ecology and reproductive cycle of the commercial species in order to design breeding programmes (Reichenbach 1999; Herrero Perezrul et al. 1999; Ramofafia et al. 2000) .
In India, the 'beche-de-mer' industry mainly depends on Holothuria scabra and Holothuria spinifera (Chellaram et al. 2003) . According to the statistics of Marine Product Development Authority (MPEDA), Government of India, beche-de-mer exports, which rank first among the dried marine products sold, has declined from 70 t in 1996-97 to 3.8 t in 2001 (MPEDA 1998 (MPEDA , 2003 . Due to overexploitation, the Ministry of Environment, Government of India, banned both the fishery and export of sea cucumbers from 2001 onwards. H. spinifera is a medium valued and widely exploited sea cucumber species in India. James and Badrudeen (1997) estimated annual landings of 460 t of fresh H. spinifera along the southeast coast of India. Apart from the Gulf of Mannar and Palk Bay of the Indian coast, H. spinifera is reported to occur in the Red Sea, Persian Gulf, Sri Lanka, northern Australia, Philippines and China (James 1995) . Considering the role of H. spinifera in the commercial fishery and understanding the reproductive biology of this species is important for hatchery production of juveniles for captive or wild stock enhancement programmes. Since there is a paucity of information on the reproductive biology of H. spinifera, the present study was conducted.
Materials and methods
From September 2000 to October 2001, a total of 294 H. spinifera were collected from the commercial catch of trawlers, which operated at a depth of 10-15 m off Tuticorin in the vicinity of Koswari (78°12 0 14 00 E, 8°51 0 52 00 N) and Van Island (78°12 0 13 00 E, 8°49 0 50 00 N). Monthly, 18-25 specimens of length ranging from 110 to 403 mm were brought to the laboratory and kept in seawater prior to dissection and completion of gonadal analysis on the same day.
The total length of the animal, the total weight, drained weight, gonad weight, and gutted or eviscerated weight were recorded following the methods of Conand (1981) . The five stages of maturity were based on tubule length, diameter, tubule branching, presence of saccules, colour and the presence of gametes as described by Conand (1981 Conand ( , 1993a . According to her studies, the five sexual stages in holothurians are stage I (immature), stage II (resting) comprise individuals of undetermined sex, stage III corresponds to the early maturation, stage IV includes mature and spawning individuals, and stage V is the post spawning stage. For each gonad, the tubule length from the gonad base to the distal tip was measured using a measuring tape and tubule diameter was measured through a microscope. The excised gonads spread on a slide were examined using a compound microscope. The maturity stages were recorded to determine the monthly percentage of each stage. For histological studies of the gonad, selected tubules from each stage were preserved in buffered formalin (10%) and the standard histological method was followed to assess the maturity stages as described by Tuwo and Conand (1992) and Ramofafia et al. (2000) .
Due to the absence of oocytes in indeterminate and growing stages of gonadal development, a set of selected female gonads from three different stages, i.e. maturing, mature and spent, were taken from each monthly sample for measuring the oocyte diameter. The tubules were placed separately in a beaker and were cut open to free the oocytes. The oocyte samples were placed in a counting chamber and the diameter of 30 oocytes was measured along the largest and smallest axis, using a precalibrated micrometer.
Monthly gonad index (GI) was expressed as a ratio of wet gonad weight to wet drained body weight 9 100, and the mean value was calculated for all females, males and indeterminate animals in each monthly sample as followed in the previous studies (Conand 1981 (Conand , 1993b Ramofafia et al. 2001) .
For estimating fecundity, the oocyte of 10 tubules from each mature female was teased out and transferred to a measuring cylinder. After thorough mixing, a 1-ml subsample was pipetted out to a counting chamber and the number of oocytes counted. From the mean of the three samples, the average number of oocytes per tubule was calculated. The absolute fecundity (FA) was calculated by multiplying the average number of oocytes per tubule with the total number of tubules. The relative fecundity related to eviscerated weight (FrE) was calculated as FA/mean eviscerated wt (g) and FrG (fecundity related to mean gonad weight) as FA/mean ovary wt (g) (Conand 1993a, b ). An index of fecundity was worked out by dividing the mean gonadal weight of the mature ovary by the mean cube diameter of the oocyte (Harriott 1985) .
Since the external cues play an important role in the reproduction of holothurians (Ramofafia et al. 2000 (Ramofafia et al. , 2001 (Ramofafia et al. , 2003 ) data on rainfall, temperature and salinity were collected. Data on monthly variation in rainfall were obtained from Meteorology Department, Tuticorin Port Trust. Monthly seawater samples for temperature and salinity were collected in between two islands off Tuticorin at 10-15 m depth using Nansen's reversing water sampler. The salinity was estimated by the standard method of Strickland and Parson 1972.
Homogeneity of variance and normality of the data were tested by Cochran's test and Z-test. The statistical significance of relationships was assessed either by the Pearson product moment correlation and regression analysis (Sokal and Rohlf 1969) , MS Excel and SPSS 7.5 programmes.
Results

Sex ratio
Of the 294 H. spinifera dissected, 38.1% were indeterminate, 32.65% were male and 29.25% were female. The observed male:female ratio of H. spinifera at Tuticorin was 1.1:1.0. Chi-square test revealed that the slight dominance of males was insignificant.
Gonad morphology
The gonad of H. spinifera was a single structure and consisted of numerous branched tubules arising from a gonad basis and attached to the anterior body wall, typical of other holothurians. The gonoduct opened externally at the gonopore, dorsally above the mouth. The mean (:SE) number of tubules was 187 : 5 (n = 294). The males (235 : 9) had more tubules than the females (210 : 7), whereas the indeterminate had 136 : 5. Males have significantly more tubules than the females (t = 2.98, n = 294, P \ 0.01).
The five stages of gonad development based on tubule size and colour are given in Table 1 . Among males, the tubule length varied from 33 mm (March 2001) to 51 mm in October 2001, whereas the females had 24 and 47 mm tubule length in August and April 2001, respectively (Fig. 1a) . The tubule length of male was significantly greater (t = 2.537, P \ 0.05) than that of the females. There was no significant relationship between the total length of the animal and the length of the tubule. The tubule length was longest during the peak gametogenic period of September-November. Aquacult Int (2008) 16:231-242 233 (Fig. 1b) . The tubule diameter ranged from 1 to 1.2 mm during the peak gametogenic period of September-November 2001 among females and the difference was highly significant (t = 3.921, P \ 0.01).
Histology of the gonadal tubule in H. spinifera revealed that the five gonad maturity stages correlated with five gametogenic developmental stages. A description of the histological features of each gametogenic stage is described below.
Stage I: Immature
Unbranched small tubules with thick body wall, only the primordial germ layer could be seen. Germinal cells were not observed inside the tubule.
Stage II: Growing
The germinal epithelium was convoluted. The primordial germ layer was visible and germinal cells were seen, but sex of the gonad could not be deciphered.
Testis development
Stage III: Maturing
The primordial germ layer developed into spermatogonia, which underwent development into spermatocytes. The secondary spermatocytes thus produced were released into the lumen of the tubes. The sperms were non-motile. The process of gamete production will continue until the entire lumen gets filled up with spermatocytes (Fig. 2a) .
Stage IV: Mature
The gonad wall was at its minimal thickness. The lumen of the tubule was densely packed with active spermatozoa. The presence of a few spermatocytes was observed (Fig. 2b ).
Stage V: Spent
Shrunken tubules, generally had an empty lumen except for a few relict unreleased spermatozoa (Fig. 2c) .
Ovary development
Stage III: Maturing
Ovarian wall thick and oocytes did not entirely fill up the lumen. Developing oocytes connected to the ovarian stroma. Oocytes varied in diameter (modal size 50 lm), mostly circular in nature with or without nucleolus (Fig. 2d ).
Stage IV: Mature
The ovarian wall was at its minimal thickness. Polymodal shaped oocytes, which were in the late vitellogenic stage, modal size (182 lm), were visible through the thin transparent tubule wall; the oocytes remained within the follicle (Fig. 2e ).
Stage V: Spent
Ovarian wall was thick, wrinkled and shrunken. Relict oocytes (modal size 166 lm) were occasionally present in the lumen of the tubules. Phagocytes were clearly evident (Fig. 2f) . (Fig. 3) .
Gonad index
The gonad index (GI) between sexes was variable. The value of GI for males ranged from 0.05 to 8.04 with a mean :SE value of 1.44 : 0.14 and for females it varied from 0.013 to 8.7 (2 : 0.2). Though the GI value of females was higher than those of males, the difference was not significant.
The monthly mean GI varied from 0.03 to 1. (Fig. 4) . High significance (t = 5, df = 13, P \ 0.01) was noted between the differences in GI between months.
Depending on the monthly variations of the gonad index, the tubule diameter also varied. At the low GI of 0.03 in May 2001, the tubule diameter was 240 lm and at the high GI of 1.8 in October 2001 the gonad tubule diameter was greatest (990 lm). A highly significant relationship (r = 0.8698, P \ 0.01) was expressed as y = @0.0118 + 0.0018x (where y = GI and x = tubule diameter) between tubule diameter and gonad index. value of 7,938 : 697.8. In the tubule diameter of 298 lm, minimum mean number of oocyte was 564/tubule whereas the oocytes increased to 10,868 in the tubules having a diameter of 1.2 mm. The relationship between these two parameters were highly significant (r = 0.923, P \ 0.01) and could be expressed by y = @0.1468 + 0.4728x (Fig. 5) . The absolute fecundity ranged from a minimum of 36.1 (10 3 oocytes) during February to 5,195 ( winter season and the rainfall due to the North East monsoon occurred during SeptemberFebruary. In captivity, H. spinifera spawned three times, the first one was spontaneous in March 2001 and the second and third spawning during December 2002 and January 2003, respectively, were by addition of powdered feed (rice bran, soya powder and Sargassum powder at 4:2:1) at the rate of 50 g/500 l.
Discussion
The study indicated that the reproductive aspects of H. spinifera, such as gonochoric condition, absence of sexual dimorphism and external fertilisation, etc., are similar to most of the tropical aspidochirotes (Conand 1993a,) .
The mean values of tubule length and diameter were comparatively lower than those of H. fuscogliva and H. scabra (Ramofafia et al. 2000 (Ramofafia et al. , 2003 and almost the same as the medium-sized sea cucumbers like Stichopus variegates, presently known as Stichopus hermanni (Conand 1993b) , Actinopyga mauritiana (Ramofafia et al. 2001) and Isostichopus fuscus (Herrero Perezrul et al. 1999) .
The histological sections of the gonadal tubules showed the presence of gametes in both male and female gonads during post-spawning stage indicating the partial events of shedding. The thickening of the outer epithelium of the gonadal wall during the recovery stage and its subsequent reduction indicates that this may be the nutrient storage site for metabolic activity (Ramofafia et al. 2001 (Ramofafia et al. , 2003 . Stratification of spermatogonia and spermatids was not observed in the sections of the gonad of H. spinifera, similar to the observation of Morgan (2000) in H. scabra.
The phagocyted material in the spent gonad tubules was used to nurture other developing gametes (Smiley and Cloney 1985; Sewell and Bergquist 1990; Hamel et al. 1993) . After spawning, the gonad of H. spinifera decreased in size because of phagocytosis. During gametogenesis, the germinal layer became thinner and the longitudinal folds extended into the lumen. This process, which is common in the members of the family Holothuridae, significantly increases the surface area for the development of gametes (Cameron and Fankboner 1986) .
The structure of the gonad of H. spinifera is a single tuft of tubules, joined at the proximal end, typical of other holothurians. Males have a significantly higher number of Int (2008) 16:231-242 239 tubules than the females as in other aspidochirotes (Conand 1981) . The tubular diameter was greater in the female than in the male and is in agreement with the works of Foster and Hodgson (1995) , who reported that the diameter of the tubules of the males was significantly smaller than that of females of Roweia stephensoni and Neostichopus grammatus. The elongated branched gonadal tubules having characteristic saccules with uniform gamete development in the germinal epithelium is as in Thelenota ananas, T. anax and Stichopus chloronotus (Conand 1993b) . The ripe female has larger gonads in stage IV indicating high reproductive output. The gonadal tubules were shorter and wider in females, as observed by Hoareau and Conand (2001) .
The tubules were present throughout the year and were not absorbed after spawning. The occurrence of H. spinifera with indeterminate stage after breeding indicated complete rest. The reabsorption of gonad was absent in this species. Presence of phagocytes might have limited the reabsorption of gonad tubules (Hamel et al. 1993) . Hence the Tubule Recruitment Model (TRM) proposed by Smiley (1988) and Tuwo and Conand (1992) could not be applicable to H. spinifera.
The mean diameter of the oocyte (148 lm) is higher than the 88 lm for H. atra and 103 lm for H. edulis (Harriott 1985) , and similar to the 155 lm of H. scabra, 149 lm of Actinopyga echinites and 150 lm for H. nobilis (Conand 1993b ). In the aspidochirotes, the modal size of the mature oocyte varies between 150 and 210 lm, indicative of planktotrophic development (Conand 1993b ).
The GI of female H. spinifera was higher than that of males, similar to Stichopus mollis (Sewell and Bergquist 1990 ), H. nobilis, H. fuscogliva, H. fuscopunctata, T. ananas, S. variegatus, H. scabra, H. scabra versicolor, Actinopyga miliaris, A. echinites and H. atra (Conand 1993a, b) . Jayasree and Bhavanarayana (1994) also observed increased GI during September-December and again in April-May for H. leucospilota.
The maximum diameter of the gonadal tubule (990 lm) was in October 2001, when the GI was 1.8 and at the minimum diameter of 240 lm in May 2001, the GI was only 0.03. Similarly, Ramofafia et al. (2003) noted greater ovarian tubule diameter corresponding to the GI peak in H. scabra.
The fecundity related to eviscerated weight (FrE) is similar to H. scabra versicolor and with respect to gonad weight (FrG) it is close in proximity with A. mauritiana (Conand 1993b) . The fecundity index of 1,770 of H. spinifera was intermediate when compared to those of H. atra (6,600), H. edulis (2,000) and H. impatiens (800). This may be attributed to the larger oocyte size (168 lm) as Harriott (1985) observed for H. impatiens.
There was an increased value of GI during September-October 2001 and from December 2000 to March 2001 with a drop during January 2001. The maximum value of GI recorded during the maturity period, which indicated the highest gametogenic activity and the sharp decline during May-June 2001, was when the population was at the resting stage (Fig. 4) . The occurrence of spent from November 2000 to March 2001 indicated the spawning period.
The breeding period of H. spinifera (November-March) coincided with a period of rainfall, low salinity and temperature (Fig. 6) . The spawning may be due to high productivity associated with rainfall and local run-off as one among the other environmental factors, such as temperature, food availability, photoperiod and salinity on gametogenesis and spawning in holothurians, as envisaged by Himmelman (1981) Cameron and Fankboner (1986) and Krishnaswamy and Krishnan (1967) . The successful induced spawning obtained in H. spinifera by addition of feed in the captive condition (Asha 2005 ) also indicated the role of feed in spawning. Similarly, Battaglene et al. (2002) also observed spawning in H. fuscogliva by addition of powdered algal feed.
The gonochoric condition, gonad consisting of number of long tubules, medium size of oocyte, high fecundity and prolonged spawning period, also indicated the reproductive strategies of H. spinifera. Information on the morphology of gonad tubules provides the reliable character in assessing the reproductive condition of the animal. This will be of great benefit in breeding programmes as suggested by Yanagisawa (1998) , Reichenbach (1999) and Ramofafia et al. (2003) . In addition, these observations on the reproductive aspects and tubules will be of much use in attempting the biopsy of gonad tubules to assess the gonadal maturity stages of captive brood stock for induced spawning trials in the sea cucumber hatchery.
